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Abstract

If climate change causes the semi-arid shrub-steppe to become hotter and drier it may affect soil C and N cycling and precipitate changes in
soil processes and microbial and plant community structure. This study was conducted, using an elevation gradient as an analog of climate
change, to analyze climatic influence on soil microbial activity and soil properties. We collected soil from under cryptogamic crust and
bunchgrass plants at 25 sites over a 500 m elevation transect in a shrub-steppe ecosystem located in eastern Washington State of the US. The
samples were analyzed for several chemical and microbiological attributes including pH, microbial biomass and nitrification potential and
the data grouped into five climate sites for statistical analysis. Soil pH decreased over the transect with higher pH values in the grass soil than
the crust. In contrast soil electrical conductivity (EC) increased with increasing elevation as did both ammonium and nitrate. Ammonium and
EC were greater in the crust soil than the grass soil but nitrate concentration was the same under both plant covers. Both total C and N
amounts increased with elevation as did nitrification potential. Due to high sample spatial variability microbial biomass, respiration and N
mineralization showed non-significant trends over the 500 m elevation transect. Using these measured gradient relationships the increase in
temperature and decrease in precipitation that is expected in this shrub-steppe ecosystem over the next 100 years would eventually cause the
pH to increase and the EC to decrease. Plants would become more sparse, nitrification potential would decrease and ammonium would
increase. Total C, N and microbial biomass concentrations would begin decreasing and may shift the controlling factors of the ecosystem to
abiotic factors. The changes in the cycling of N and to some extent C due to climate change could alter the microbial and plant community
structure and function of this ecosystem and cause it to move in the direction of desertification. Published by Elsevier Science Ltd.
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1. Introduction warming trends (Franz, 1990). However, less attention has
been given to the effects of climate change on soil processes
and function (Lal et al., 1995), even though many terrestrial
changes will be a direct result of the changes in soil
properties and processes.

Arid and semi-arid ecosystems represent over 25% of the
Earth’s land area and are increasing in proportion due to

attention has focused on the potential changes in terrestrial desertification (Emanuel et al., 1985; Houghton, 1997). The

ecosystems that might result from climate change (Walker soils in these ecosystems characteristically contain less
and Steffen, 1999). Of particular interest are shifts in the SOM and plant biomass than other terrestrial ecosystems,
suggesting that even a small climate change may signifi-

cantly impact changes in soil properties and processes, in
particular C and N cycling (West et al., 1994). West et al.
(1994) indicated that these lands may be the first terrestrial
* Corresponding author. Tel.: + 1-509-335-7648; fax: + 1-509-335-3842. ecosystems disrupted as a result of climate change because
E-mail address: jlsmith@mail.wsu.edu (J.L. Smith). of the fragile nature of the soils. Thus studies of arid and

Recent events in the world’s political arena have
increased attention on global warming and its effect on the
Earth. Traditionally, the effects of global climate change
have focused on food production, geographic climate shifts
and large effects such as rising sea levels. Recently,

distribution and quantities of soil organic matter (SOM),
which may have a relatively short response time (10—107
years) and might be a sensitive indicator to projected
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semi-arid ecosystems may provide enhanced information of
the ecological consequences of climate change and suggest
the most useful measurements to detect changes in these and
other ecosystems.

One major semi-arid ecosystem is the shrub-steppe, the
largest grassland-type ecosystem in North America (Rogers
and Rickard, 1988). An area in southeast Washington State
contains some of the last remaining shrub-steppe that is in
near pristine condition (Rogers and Rickard, 1988).
Undisturbed plant communities in the shrub-steppe are
dominated by big sagebrush (Artemisia tridentate Nutt) and
perennial grasses (Pseudoregneria spicata Prush and Poa
secunda Presl) growing with a thin cryptogamic (lichens
and moss) crust covering much of the interplant areas. Soils
are typically loess-overlying basalt and the climate is
characterized as semi-arid, temperate, and continental with
cold, wet winters and hot dry summers (Rickard, 1988).

We used a 500 m elevational transect up a mountain in
the shrub-steppe to simulate a climate change scenario
(Smith and Bolton, 2000). The maximum temperature
decreases over the transect by 7°C and the annual
precipitation increases by 10 cm thus the higher elevation
is cooler and wetter than the lower elevation. This climate
regime has been stable for the last 3000—5000 years
(Gaylord and Stetler, 1994).

This transect in the semi-arid shrub-steppe is unique in
that the parent material, loess, the dominant grass vegetation
and soil texture are similar over the 500 m elevation
gradient, suggesting that differences in soil chemical and
biological properties across the elevation gradient are
potentially related to differences in climate. In addition,
we constrained as much as possible the factor of topography
(slope and aspect) in the sampling scheme. Thus, unless
there were major influences on soil properties from
unknown biogeochemical constraints we should be able to
hypothesize the direction of change of soil attributes due to
future shifts in climate.

Our objective was to measure soil abiotic and biotic
parameters in several isothermal zones across a significant
elevational transect and relate these parameters to differences
in climate (e.g. hotter/drier and cooler/wetter). The hypoth-
esis was that zones with different climate regimes would have
different soil attributes and differ in the cycling of C and
N. We also wanted to determine if the grouping of spatially
explicit samples across a distance would provide a more
robust analysis of differences between zones. In addition, we
were interested in these properties and processes relative to
plants and cryptogamic crust over the landscape.

2. Materials and methods

2.1. Field site and soil collection

The study site is located on the Fitzner—Eberhardt Arid
Land Ecology (ALE) Reserve contained within the US

Department of Energy’s Hanford Site in southeastern
Washington State. The ALE Reserve is the only remaining
sizable (31,200 ha) area of Washington shrub-steppe that
has not been directly disturbed by humans since the early
1940s. The ALE Reserve has a semi-arid climate with two-
thirds of the 10—28 cm of precipitation occurring during the
winter (Rickard, 1988). The dominant plant species include
big sagebrush (Artemisia tridentata ), bluebunch wheatgrass
(P. spicata), and Sandburg bluegrass (P. secunda) with a
cryptogamic lichen and moss crust covering much of the
undisturbed interplant soil area (Link et al., 2000).

The vegetation at the sampling sites is dominated by P.
spicata with the cryptogamic crust occupying interplant
spaces (Bolton et al., 1993). On an aerial basis the
percentage of the crust cover decreases with increasing
elevation while the plant cover increases. The silt loam soil
at each site was formed from the same loess parent material
(basalt) deposited over this area in the last 3000—5000
years. The mean clay content in the top 5 cm is 4.9% and the
mean silt content is 52.2% with a slight, but not significant
decrease in silt concentration with elevation from 53 to
49%. The dominant mineral of the clay fraction is
montmorillonite.

We sampled at locations arrayed in an elevation transect
up the slope of Rattlesnake mountain (1093 m) located on
the ALE reserve. Twenty-five sites were identified for
sampling starting at an elevation of 228 m and continuing
every 25 m to a maximum elevation of 844 m. Average
precipitation increases from 180 mm at the lowest elevation
to 270 mm at the 844 m elevation site (Fig. 1). Conversely,
the mean annual maximum temperature decreases from
30 °C at the 228 m elevation site to 24 °C at the top of
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Fig. 1. Mean maximum temperature ( @ ) and annual precipitation (H) for
the shrub-steppe elevation gradient in eastern Washington, US.
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the transect. However, considerable microclimatic varia-
bility exists along the elevation gradient (Hinds and Thorpe,
1969).

We collected four soil samples at each site from the O to
5 cm depth, under the crust and P. spicata plants using a
hand spade. Each sample was placed in a plastic container in
the field and kept cool until processed in the laboratory.
Initial processing included sieving the samples through a
2 mm screen and determining the gravimetric moisture
content on subsamples after drying at 105 °C.

Exploratory data analysis summary statistics, from
moving windows analysis and bivariate scatter plots,
showed spatial continuities in the data with elevation.
Using this spatial continuity we grouped the 25 sites into
five temperature and precipitation zones with five nearest
neighbor sites in each zone. The midpoint site represented
the actual elevation that is reported for the data (i.e.
midpoint sites were 301, 426, 552, 684, and 810 m). Each of
the five zones incorporated all of the data collected in a
120 m elevation increment (20 per site per soil cover type).
Each zone over the transect differed from its nearest
neighbor by * 1.5 °C and = 1.8 cm precipitation.

2.2. Chemical and biological analyses

Soil samples were analyzed for pH and electrical
conductivity (EC) using a 1:1 soil-deionized water paste.
A 10 g subsample of soil was extracted with deionized water
for soluble C analysis with an infrared CO, analyzer (Smith
et al., 1994). A separate 10 g subsample of fresh soil was
extracted with 2 M KCI for determination of inorganic N
(NH4-N and NOj3-N) using an auto-flow colorimetric
procedure. Total C and N was determined by dry
combustion in a continuous flow system with the combus-
tion chamber at 1000 °C. The elemental analyzer has a
precision of 13 ppm C (0.0013%) and 6 ppm N (0.0006%)
for sample sizesup to 1 g.

Microbial biomass carbon was determined using the
substrate induced respiration method (SIR) after Anderson
and Domsch (1978). Duplicate 10 g samples were weighed
into 40 ml glass vials, brought to field capacity (18% w/w,
—33 kPa), covered and kept in the dark for 7 days at
22 £ 0.5°C. At the end of the preincubation each sample
received 0.5 ml of 150 mmol 17! glucose solution. Control
samples received 0.5 ml of water. All tubes were flushed
with hydrated air and covered. After 2 h the vials were
capped with a septum and headspace CO, was measured 1 h
later from each vial by injecting 0.2 ml into a gas
chromatograph equipped with a porpack Q column and
thermal conductivity detector. Microbial biomass C was
calculated using the equation published by Anderson and
Domsch (1978).

Dehydrogenase activity was estimated using the TTC
(triphenyltetrazolium chloride) method without the addition
of glucose (Bolton et al., 1993). Triplicate 1.5 g soil samples
were incubated for 24 h with TTC and the reduction product

triphenylformazan (TPF) was measured by colorimetry. The
results were compared to standard TPF solutions and
reported as pg-TPF g~ '-soil 24 h™".

The nitrification potential assay consisted of incubating
duplicate soil samples (10 g), amended with 100 pg-N g~'
(NH,),SO,, for 1 week in the dark at 22 °C. After the
incubation the samples were extracted and analyzed for
NO; -N, the potential nitrification is the net increase of
NOs -N.

Mineralizable C and N were determined over an 18 day
incubation period at 22 °C. Ten-gram soil samples were
placed in 40-ml glass vials and soil water was adjusted to
18% w/w (— 33 kPa) before being capped with a septum.
Headspace CO, concentration was analyzed by gas
chromatography every 1-3 days during the incubation.
The incubation vials were flushed with CO, free air after
sampling to prevent CO, concentrations from becoming too
high during the next incubation period. After the last CO,
measurement the soil in each vial was extracted with 2 M
KCl for the analysis of NH7-N and NO3-N. The net
nitrogen mineralized during the incubation equaled the N
mineralization potential.

Statistical analysis for the effects of elevation and
vegetation cover type was conducted using a two-way
ANOVA model. Post hoc tests for each variable were made
using Bonferroni pairwise comparisions (SPSS, 1998).
Hydrogen ion concentration was used for the statistical
analysis of pH.

3. Results
3.1. Elevation transect

This elevation gradient in the shrub-steppe provides a
unique opportunity to evaluate the effects of in situ
temperature and precipitation on soil nutrient pools and
microbial activity. In the five climate zones (25 sites total)
established over the 500 m transect actual sampling
locations were on <10% slopes and <40° in aspect from
North. Even with these constraints the spatially explicit
samples (non-composite) and resulting data showed signifi-
cant amounts of variability in some soil abiotic and biotic
parameters. The variability within sites was similar to
between sites within zones and ranged from about 6%
coefficient of variation (CV) for soil pH to more than 50%
for microbial respiration. This makes statistical differences
difficult to prove and thus trends in the data were also
explored.

3.2. Chemical pools

Soil pH decreased with increasing elevation over both
soil types (Fig. 2(a)). In addition, the crust soil had lower pH
values than the grass soil over the transect with mean values
5.9 and 6.2, respectively (Fig. 2(b)). The effects of elevation
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Fig. 2. Changes in soil pH along a 500 m elevation gradient, (a) overall
effects (b) cover type effects. Letters in (b) indicate significant differences
within cover type over the elevation transect. Values are means = SE.

and cover type were both highly significant (P = 0.001)
with no with statistical interaction. There were similar
trends within the grass or crust soil with the lower sites
being more alike and greater than the upper sites (Fig. 2(b)).

For the overall means soil EC increased with elevation
with the top two sites significantly greater than the lower
sites (Fig. 3(a)). There was no significant difference between
grass and crust soil (P = 0.18). However, there was a
greater EC increase in the crust soil with increased elevation
as compared to the grass soil (Fig. 3(b)).

Nitrate from soil under grass increased from 14 pg
NO; — N g~ '-soil at the lowest site to over 26 ug NOs-
N g~ '-soil at the upper site, similar concentrations were
found in the crust soil (Table 1). In contrast NHfN was
low in the grass soil but increased with elevation over
the transect in the crust soil from 2 to 7 pg NHf-N g~ -
soil. There was a significant increase in NH{-N and
NO; -N with increasing elevation (P < 0.05 and 0.01,
respectively). However, there was only a significant
difference in cover type for NHj-N concentration
(Table 1). Soluble C was similar in concentration over
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Fig. 3. Changes in soil EC along a 500 m elevation gradient, (a) overall
effects (b) cover type effects. Letters in (b) indicate significant differences
within cover type over the elevation transect. Values are means *= SE.

the transect but there was significantly greater amounts in
the grass soil than the crust soil (Table 1).

Fig. 4 shows the soil total organic carbon and soil total
organic N as a function of elevation for soil sampled under

Table 1
Mean values and statistical differences of several soil parameters measured
over the 500 m elevation transect

Parameter Cover type (m) o’
Grass Crust
301 810 301 810
Soluble C (ug-C g~ '-soil) 355 40.8 244 265 ns ¥
Dehydrogenase (ug-TPF® g~ '-soil) 43.8 47.6 454 409 ns ns
NH,-N (pg-N g~ '-soil) 09 14 20 70 *= =
NO3-N (pg-N g~ '-soil) 144 268 109 284 * ns

? The first column signifies differences in the parameter due to elevation
and the second column signifies differences in the parameter due to cover
type. ns, non-significant; *P < 0.01, **P < 0.05.

® wg Triphenylformazan g~ '-soil 24 h™".
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grass and crust cover types. Soil C concentrations
significantly increased (P < 0.001) with elevation with
greater increases associated with grass than crust soils
(Fig. 4(a)). In addition, soil C concentrations were
significantly greater (P < 0.001) in soil under grass cover
(20 gkg™") than soil under crust cover (14 gkg™"). In
general, the top two sites contained significantly greater
(P < 0.05) C than the lower three sites (Fig. 4(a)). Soil N
concentrations showed less of an increase with elevation
than did C (Fig. 4(b)). However, overall differences in
elevation for N concentrations were significant (P < 0.01).
In addition, the soil N was significantly greater (P < 0.05)
in the grass soil (3.7 gkg ') compared to the crust soil
(3.0 gkg™ 1. The C/N ratio for both soils is low, overall the
grass soil had a significantly greater ratio 5.4 than the crust
soil 4.5 (P < 0.05).

3.3. Soil microbial biomass and biological activity

There was no significant difference in microbial biomass
with elevation (Fig. 5(a)) however, there was significantly
(P < 0.05) more microbial biomass in the crust soil
(750 pg C g~ '-soil) than the grass soil (674 pg C g~ '-soil).
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Fig. 4. Total soil C and N concentrations over a 500 m elevation transect in
a semi-arid shrub-steppe. Letters indicate significant differences within
cover type over the elevation transect. Values are means *+ SE.

For individual random samples respiration was highly
variable and like soil microbial biomass there was no
significant differences among elevations (P < 0.70)
(Fig. 5(b)). However, similar to biomass C there was
significantly (P < 0.01) more respiration from the crust soil
(380 pg C g~ "-soil) than the grass soil (300 wg C g~ '-soil).
These activity measurements were mixed in comparison to
soil dehydrogenase enzyme activity, which showed no
significant differences with elevation or cover type (Table 1).

Nitrification potential increased slightly in grass and
crust soil with increasing elevation, however, due to high
sample variability the increase was not statistically
significant (Fig. 6(a)). Crust soil exhibited significantly
(P < 0.001) lower nitrification potential than the grass soil
(15 vs 28 pg N g_l-soil d_l) (Fig. 6(a)). Overall there was
no significant trends of N mineralization with elevation,
although, in contrast to nitrification potential there was
significantly (P < 0.002) more mineralization in the crust
soil than in the grass soil (50 vs 44 ug N g~ '-soil d 1)

(Fig. 6(b)).
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Fig. 5. Microbial biomass C and 18 day cumulative C respiration for crust
and grass soils at five elevation sites along a transect in a semi-arid shrub-
steppe. Letters indicate significant differences within cover type over the
elevation transect. Values are means * SE.
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grass soil over the 500 m transect in a semi-arid shrub-steppe. Letters are
significant differences within cover type over the elevation transect. Values
are means = SE.

4. Discussion
4.1. Soil chemical attributes

Soil pH is a function of parent material, time of
weathering, vegetation and climate. Since time of
weathering and vegetation type are similar for all
locations along the ALE transect the trends of decreasing
soil pH could be due to increased leaching of basic
cations in the higher elevations from greater precipitation
and from increased nitrification. An acidic rhizosphere
effect from both plants and lichens could also cause a
decrease in pH with elevation. The decrease in pH was
also reported for an oak woodland-confier forest eleva-
tional transect in the western US (Dahlgren et al., 1997)
and higher elevation pine forests in the eastern US
(Stanko-Golden et al., 1992).

The increase in EC with elevation (Fig. 2(a), (c) and (d))
would seem to contradict the hypothesis that the leaching of
bases is causing the lower soil pH values with increasing
elevation. However, in both the grass and crust soil there
was a significant amount of nitrate in the higher elevations
(Table 1) which could contribute to the increase in EC over

the 500 m elevation transect (Smith and Doran, 1996) as
could greater H" ion concentrations from the lower pH.
However, most of the contribution to elevated EC probably
comes from increased cation exchange capacity (CEC) with
elevation due to increased organic matter. Wildung and
Garland (1988) reported soil CEC increasing from 11 to
40 cmol kg~ ! with elevation in this ecosystem, more than
enough capacity to account for the increase in EC over this
transect.

In both soil cover types there was a significant
negative Pearson correlation coefficient between pH and
EC, r=—-0.53 (P <0.001) and r= —0.58 (P < 0.001)
for the grass and crust soil, respectively. Whereas, there
was a significant positive correlation between EC and
nitrate of r=0.66 (P <0.001) for the grass soil and
r=20.81 (P <0.001) for the crust soil. Both of these
relationships have also been documented in agricultural
soils (Smith and Doran, 1996).

4.2. Soil total C and N

The total soil C in this ecosystem increased with
elevation in both cover types probably due to the greater
precipitation at the higher elevations and associated greater
amounts of plant biomass and a thicker soil crust. Lower
average annual temperature, retarding decomposition might
also result in a greater amount of C sequestration in soil at
the higher elevations. Although the range of differences in
soil N concentration is small (2.6-4.1gkg™ ") N
increased with elevation and soil type which may be a
function of longer residence time of the N in the litter and
decreasing soil N losses. In addition, the upper sites may
be less susceptible to gaseous loss of N from periodic
precipitation onto dry soil (Mummey et al., 1994, 1997).
The concentrations of soil C and N were significantly
correlated with EC (r=0.61, P <0.001 and r = 0.46,
P < 0.001, respectively), nitrification potential (r = 0.54,
P <0.001 and r=0.53, P <0.001, respectively) and
with each other (r = 0.86, P < 0.001) suggesting the EC
may be a good indicator of organic matter and C and N
cycling at these sites.

The relatively narrow range of C and N concentrations
provides strikingly low C/N ratios which we first observed in
1989 in soil associated with plants or crust (Bolton et al.,
1990; Halvorson et al., 1997). In truly interplant spaces ‘bare
soil’ C/N ratios are on the order of 13—16 (Link et al., 2002).
However, for the plant associated soil in this study the C/N
ratio increases from 4 to 7 in the grass soil and 4—6 for the
crust soil as elevation increases over the 500 m transect.
This can be attributed to a slower decomposition rate in the
higher elevation sites. With slower decomposition it is
possible that the C sequestration mechanisms and C pools
would be different from the bottom to the top slope. The
conservation of nitrogen is important in this ecosystem and
the buildup of N could be due to increases in humic acids of
low C/N ratio (Wildung and Garland, 1988) and the enhanced
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storage of N in particulate organic matter fractions with low
C/Nratios (Rodionov et al., 2000). Thus, change in climate to
warmer and drier conditions could disrupt the decomposition
cycle and cause both C and N to be lost from the upper
elevations (Link et al., 2002).

4.3. Microbial biomass and activity

There was no significant difference in microbial
biomass with elevation or dehyrogenase activity for
both elevation and cover type (Table 1). This is
consistent with correlations of biomass and dehydrogen-
ase for this ecosystem (Bolton et al., 1993). However, it
is inconsistent with the fact that microbial biomass
should positively correlate with increasing soil C (Smith
and Paul, 1990). Although, the microbial biomass ranged
from 2 to 6% of the total C in the grass soil and 3—8%
in the crust soil, somewhat higher than agricultural soils
(Smith and Paul, 1990). Bolton et al. (1997) found the
crust soil to have lower microbial biomass than the grass
soil using the fumigation and PFLA methods. However,
they showed a larger number of colony forming units
(CFU g_l—soil) for the crust soil. The PFLA method
(Bolton et al., 1997) showed greater biomass with more
precipitation as was seen by Steinberger et al. (1999) in
a desert climatic transect.

The metabolic quotient, defined as basal respiration
per unit of microbial biomass C, has been used as a
measure of soil ecosystem efficiency (Anderson and
Domsch, 1990). Since microbial biomass and respiration
were similar over the transect we calculated average
metabolic quotients with the grass soil being 1.2 (1077)
similar to 1.3 (107%) pg CO,-C Mg_l biomass-C h~! for
the crust soil. These values are similar to the values
found by Smith et al. (1994) in an earlier study of the
lower elevation site and are two times greater than those
of other natural forest and grassland ecosystems (Smith,
1993). Higher ¢gCO, values indicate lower substrate
quality (Smith, 1993) and a decrease in the efficiency
of organism functioning (Anderson and Domsch, 1990).
Thus to maintain the microbial community at steady state
more recalcitrant pools of C must be used and more CO,
per unit biomass is released.

The overall soil nitrification potential showed an
increasing trend with elevation possibly due to low
levels of NH4-N at the lower elevations limiting the
population of nitrifiers. This trend was also consistent
with the soil NO;-N concentration increasing with
elevation. The crust soil with a lower nitrification rate
than the grass soil had increased levels of NH;-N which
also suggests population or activity limitations. However,
both of these observations, for elevation and cover type,
can be explained by lower soil C/N ratios at the lower
sites and in the crust. Lower soil C/N ratios have been
shown to be associated with lower nitrification rates.
These nitrification rates for both cover types are high for

semi-arid soils (Skujins et al., 1978) and are on the order
of magnitude of gross nitrification reported in undis-
turbed coniferous forests (Stark and Hart, 1997).

The build up of NHJ in the crust soil is consistent
with the crust having a greater mineralization rate than
the grass soil. The lower net mineralization in the grass
soil is likely a function of greater immobilization by
microbial biomass and related to significantly more total
C and N and soluble C in these soils. The lack of
differences in mineralization due to climate was also
reported by Jonasson et al. (1993) for two characteristic
tundra soils. Morecroft et al. (1992) also found that
mineralization did not decrease with elevation in the
Scottish Highlands. In contrast, Marrs et al. (1988) found
that in a Costa Rican rain forest nitrification and
mineralization decreased with elevation under in situ
conditions but were not different under laboratory
conditions. This was also observed by Kitayama et al.
(1998) across altitudes on ultrabasic parent material in
Borneo.

Another efficiency function that has been used is gN
or the nitrogen mineralized per unit of biomass-C during
an incubation (Smith, 1993; Smith et al., 1994). For both
the crust and grass soil the average value of gN was 68
(107%) pg N wg ™' biomass-C, similar to previous work at
this site where gN was calculated to be 61 (107°) ug N
pg ! biomass-C (Smith et al., 1994). These qN values
are about 50% of the gN values for agricultural, forest
and grassland soils and indicates N cycling in the shrub-
steppe is more efficient (resistant to loss) due to the low
inputs of N on a yearly basis (Smith et al., 1994).

Although the microbial communities were possibly
different between the grass and crust soil the metabolic
C and N efficiencies were similar. We hypothesize that
in the present climate plants and crust are controlling the
mineralization processes, overriding the climate effect.
This is in contrast to Amundson et al. (1989) who
concluded that climate was controlling microbial activity
and CO, production in desert soils. However, these
differences maybe a function of laboratory assays verses
in situ measurements. Our data indicate the factors
controlling microbial activity may be most optimal in
the mid-slope positions due to moderate conditions of
temperature and moisture, downslope moisture is limit-
ing and upslope temperature is limiting microbial
activity.

4.4. N cycling

In the event of climate change, in this area, we should be
able to predict the N cycling effects on this shrub-steppe
ecosystem although the analysis is complicated by
differences in N cycling between the grass and crust soil. In
the crust soil there is slower nitrification which may reduce
N,O production and corresponding losses. However, there is
a more rapid cycling of N, thus a higher turnover may
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actually offset the reduced N,O production or even increase
N,O production. Mummey et al. (1994, 1997) showed
nitrification to be the most important source of N,O in the
shrub-steppe especially after rainfall events on dry soil.
These differences in N cycling between the grass and crust
soil will be important as the climate shifts to warmer and drier
since the proportion of grass soil to crust soil will decrease
and precipitation patterns may change.

5. Conclusions

In the next 50—100 years the mean temperature in this
shrub-steppe area is projected to increase by 1.6-2°C
(USEPA, 2000) corresponding to a 3 cm decrease in
precipitation, similar to differences in our five climate
zones. In the context of this study this may cause the upper
sites to become more like the mid-elevation sites and the mid-
elevation sites to become more like the lower sites over time.
Based on our observations, we expect pH at the top and mid
sites would begin to increase and the EC to decrease. Plants at
the top and mid sites would become farther apart and
cryptogamic crust would spread to the inter spaces which
would decrease the nitrification potential and increase NH
in the system. Total soil C and N and the microbial biomass at
these locations would decrease over time as primary
productivity was inhibited by lower available precipitation
and increased evapotranspiration. Mineralization rates at the
top and mid elevations would increase but the plant uptake of
N would decrease and the increase in NHZ would shift the
soil microbial composition. Though we currently predict that
more N,O would be produced from the grass associated soil
(i.e. more from the upper elevations) microbial mediated gas
flux is also increased by higher temperatures and drier soil.
Thus we hypothesize that a change in climate, to warmer and
drier, could potentially increase greenhouse gas flux (CO,
and N,O) from this particular shrub-steppe ecosystem.

Factors controlling ecosystem function in the shrub-
steppe may shift from soil and plant factors to abiotic factors
during ecosystem readjustment. The changes in the cycling
of N and to some extent C due to climate change will alter
the microbial and plant community structure and function of
this ecosystem and potentially cause it to move in the
direction of desertification.

Acknowledgments

This research was funded in part by the Program for
Ecosystem Research and Carbon Sequestration in Terres-
trial Ecosystems, Programs of the Office of Biological and
Environmental Research, US Department of Energy.
Special thanks to Steve Link and Jeff Herrick for helpful
suggestions for improving of the manuscript.

References

Amundson, R.G., Chadwick, O.A., Sowers, J.M., 1989. A comparison of
soil climate and biological activity along an elevation gradient in the
eastern Mojave Desert. Oecologia 80, 395-400.

Anderson, J.P.E., Domsch, K.H., 1978. A physiological method for the
quantitative measurement of microbial biomass in soils. Soil Biology &
Biochemistry 10, 215-221.

Anderson, T.-H., Domsch, K.H., 1990. Application of eco-physiological
quotients (¢CO, and ¢ D) on microbial biomasses from soils of different
cropping histories. Soil Biology & Biochemistry 22, 251-255.

Bolton, H. Jr., Smith, J.L., Wildung, R.E., 1990. Nitrogen mineralization
potentials of shrub-steppe soils with different disturbance histories. Soil
Science Society of America Journal 54, 887—-891.

Bolton, H. Jr., Smith, J.L., Link, S.O., 1993. Soil microbial biomass and
activity of a disturbed and undisturbed shrub-steppe ecosystem. Soil
Biology & Biochemistry 25, 545-552.

Bolton, H. Jr., Smith, J.L., Link, S.O., Plymale, A.E., Mummey, D.L.,
Ringelberg, D.B., 1997. Influence of temperature and moisture on
microbial biomass and diversity of shrub-steppe soils. Agronomy
Abstracts, 112.

Dahlgren, R.A., Boettinger, J.L.., Huntington, G.L., Amundson, R.G., 1997.
Soil development along an elevational transect in the western Sierra
Nevada, California. Geoderma 78, 207 -236.

Emanuel, W.R., Shugart, H.H., Stevenson, M.P., 1985. Climatic change
and the broad-scale distribution of terrestrial ecosystems complexes.
Climatic Change 7, 29-43.

Franz, E.H., 1990. Potential influence of climatic change on soil organic
matter and tropical agroforestry. In: Scharpenseel, H.W., Schomaker,
M., Ayoub, A. (Eds.), Soils on a Warmer Earth: Effects of Expected
Climate Change on Soil Processes, with Emphasis on the Ttropics and
Sub-Tropics, Developments in Soil Science, vol. 20. Elsevier, New
York, pp. 108—120.

Gaylord, D.R., Stetler, L.D., 1994. Aeolian-climatic thresholds and sand
dunes at the Hanford Site, south-central Washington, USA. Journal of
Arid Environments 28, 95-116.

Halvorson, J.J., Bolton, H. Jr., Smith, J.L., 1997. The pattern of soil
variables related to Artemisia tridentate in a burned dhrub-steppe site.
Soil Science Society of America Journal 61, 287-294.

Hinds, W.T., Thorpe J.M., 1969. Biotic and abiotic characteristics of the
microclimatological network on the arid lands ecology reserve. Battelle
Northwest Laboratories. BNWL-SA-2733. Richland, Washington,
USA.

Houghton, J., 1997. Global Warming: The Complete Briefing, second ed,
Cambridge University Press, New York.

Jonasson, S., Havstrom, M., Jensen, M., Callahan, T.V., 1993. In situ
mineralization of nitrogen and phosphorus of arctic soils after
perturbations simulating climate change. Oecologia 95, 179—-186.

Kitayama, K., Aiba, S.-I., Majalap-Lee, N., Ohsawa, M., 1998. Soil
nitrogen mineralization rates of rainforests in a matrix of elevations and
geological substrates on Mount Kinabalu, Borneo. Ecological Research
13, 301-312.

Lal, R., Kimble, J.M., Levine, E.R., Whitman, C., 1995. World soils and
greenhouse effect: an overview. In: Lal, R., Kimble, J.M., Levine, ER.,
Stewart, B.A. (Eds.), Soils and Global Change, Advances in Soil
Science, CRC Press, Boca Raton, pp. 1-7.

Link, S.O., Ryan, B.D., Downs, J.L., Cadwell, L.L., Soll, J., Hawke, M.A.,
Ponzetti, J., 2000. Lichens and mosses on shrub-steppe soils in
southeastern Washington. Northwest Science 74, 50-56.

Link, S.O., Smith, J.L., Halvorson, J.J., Bolton, H. Jr., 2002. Effect of
climate change on a perennial bunchgrass and soil carbon and nitrogen
pools in a semi-arid shrub-steppe ecosystem. Global Change Biology
(in review).

Marrs, R.H., Proctor, J., Heaney, A., Mountford, M.D., 1988. Changes in soil
nitrogen-mineralization and nitrification along an altitudinal transect in
tropical rain forest in Costa Rica. Journal of Ecology 76, 466—482.



J.L. Smith et al. / Soil Biology & Biochemistry 34 (2002) 1749-1757 1757

Morecroft, M.D., Marrs, R.H., Woodward, F.I., 1992. Altitudinal and
seasonal trends in soil nitrogen mineralization rate in the Scottish
Highlands. Journal of Ecology 80, 49-56.

Mummey, D.L., Smith, J.L., Bolton, H. Jr., 1994. Nitrous oxide flux from a
shrub-steppe ecosystem: sources and regulation. Soil Biology &
Biochemistry 26, 279-286.

Mummey, D.L., Smith, J.L., Bolton, H. Jr., 1997. Small-scale spatial and
temporal variability of N,O flux from a shrub-steppe ecosystem. Soil
Biology & Biochemistry 29, 1699—-1706.

Rickard, W.H., 1988. Climate of the Hanford site. In: Rickard, W.H.,
Rogers, L.E., Vaughan, B.E., Liebetrau, S.F. (Eds.), Shrub-Steppe
Balance and Change in a Semi-Arid Terrestrial Ecosystem, Develop-
ments in Agricultural and Managed-Forest Ecology, vol. 20. Elsevier,
New York, pp. 14-21.

Rodionov, A., Amelung, W., Urusevskaja, 1., Zech, W., 2000. Carbon and
nitrogen in the enriched labile fractionalong a climosequence of zonal
steppe soils in Russia. Soil Science Society of America Journal 64,
1467-1473.

Rogers, L.E., Rickard, W.H., 1988. Introduction: shrub-steppe lands. In:
Rickard, W.H., Rogers, L.E., Vaughan, B.E., Liebetrau, S.F. (Eds.),
Shrub-Steppe Balance and Change in a Semi-Arid Terrestrial
Ecosystem, Developments in Agricultural and Managed-Forest Ecol
ogy, vol. 20. Elsevier, New York, pp. 1-12.

Skujins, J., Trujillo, Y., Fulgham, P., 1978. Nitrification in great basin
desert soils. In: West, N.E., Skujins, J.J. (Eds.), Nitrogen in Desert
Ecosystems, Dowden (Hutchinson and Ross), Pennsylvania, pp. 60—75.

Smith, J.L., 1993. Cycling of nitrogen through microbial activity. In:
Hatfield, J.L., Stewart, B.A. (Eds.), Soil Biology: Effects on Soil
Quality, Lewis Publishers/CRC Press, Boca Raton, FL, pp. 91-120.

Smith, J.L., Bolton, H. Jr., 2000. Climate change and carbon pools in a
semi-arid ecosystem. In: Catania, P., (Ed.), Energy 2000: The
Beginning of a New Millennium, Las Vegas, Nevada, USA.

Smith, J.L., Doran, J.W., 1996. Measurement and use of pH and electrical
conductivity for soil quality analysis. In: Doran, J.W., Jones, A.J.

(Eds.), Methods for Assessing Soil Quality, SSSA Special Publication
Number 49, SSSA, Madison, Wisconsin, pp. 169—185.

Smith, J.L., Paul, E.A., 1990. The significance of soil microbial biomass
estimations. In: Bollag, J.-M.M., Stotzky, G. (Eds.), Soil Biochemistry,
vol. 6. Marcel Dekker, New York, pp. 357-396.

Smith, J.L., Halvorson, J.J., Bolton, H. Jr., 1994. Spatial relationships of
soil microbial biomass and C and N mineralization in a semi-arid shrub-
steppe ecosystem. Soil Biology & Biochemistry 26, 1151-1159.

SPSS, 1998. Systat 8.0 Statistics, SPSS Inc, Chicago, II, USA.

Stanko-Golden, K.M., Fitzgerald, J.W., Swank, W.T., 1992. Sulfur
processing in soil from high and low elevation forests in the Southern
Appalachians of the United States. Soil Biology & Biochemistry 24,
693-702.

Stark, J.M., Hart, S.C., 1997. High rates of nitrification and nitrate turnover
in undisturbed coniferous forests. Nature 385, 61-64.

Steinberger, Y., Zelles, L., Bai, Q.Y ., von Liitzow, M., Munch, J.-C., 1999.
Phospholipid fatty acid profiles as indicators for the microbial
community structure in soils along a climatic transect in the Judean
Desert. Biology and Fertility of Soils 28, 292—-300.

USEPA (2000). Global warming.changing climate. http://www.epa.gov/
globalwarming/.

Walker, B., Steffen, W., 1999. The nature of global change. In: Walker, B.,
Steffen, W., Canadell, J.G., Ingram, J. (Eds.), International Geosphere-
Biosphere Programme Book Series, vol. 4. Cambridge University Press,
New York, pp. 1-18.

West, N.E., Stark, J.M., Johnson, D.W., Abrams, M.M., Wight, J.R., 1994.
Effects of climatic change on the edaphic features of arid and semiarid
lands of western North America. Arid Soil Research and Rehabilitation
8,307-351.

Wildung, R.E., Garland, T.R., 1988. Soils/carbon and mineral cycling
processes. In: Rickard, W.H., Rogers, L.E., Vaughan, B.E., Liebetrau,
S.F. (Eds.), Shrub-Steppe Balance and Change in a Semi-Arid
Terrestrial Ecosystem, Developments in Agricultural and Managed-
Forest Ecology, vol. 20. Elsevier, New York, pp. 23-59.


http://www.epa.gov/globalwarming/
http://www.epa.gov/globalwarming/

	Soil properties and microbial activity across a 500m elevation gradient in a semi-arid environment
	Introduction
	Materials and methods
	Field site and soil collection
	Chemical and biological analyses

	Results
	Elevation transect
	Chemical pools
	Soil microbial biomass and biological activity

	Discussion
	Soil chemical attributes
	Soil total C and N
	Microbial biomass and activity
	N cycling

	Conclusions
	Acknowledgments
	References


